IMPORTANCE Investigating the quantitative 3-dimensional (3-D) anatomy of polypoidal complex is important for a better understanding of the pathogenesis of polypoidal choroidal vasculopathy (PCV).
P olypoidal choroidal vasculopathy (PCV) was first described by Yannuzzi and associates 1 as a specific type of age-related macular degeneration characterized by the appearance of subretinal orange-red and nodular lesions that were best detected as bright, hyperfluorescent, polypoidal lesions in indocyanine green angiography (ICGA) examination. The polypoidal lesions may be located at the margin of an associated, less hyperfluorescent branching vascular network (BVN) in ICGA and may cause multiple, recurrent serosanguinous detachments of the retinal pigment epithelium (RPE) and neurosensory retina as well as secondary bleeding or leakage.
The pathogenesis of the polypoidal complex in PCV is not fully understood. 2 Yannuzzi et al 1 described PCV as a primary abnormality of the inner choroid. Subsequent histopathologic studies have revealed that PCV lesions were located either in the inner choroidal vasculature (beneath the Bruch membrane) 3,4 or within an intra-Bruch membrane fibrovascular complex. [5] [6] [7] Further study using optical coherence tomography (OCT) has revealed that patients with PCV often have highly elevated RPE detachment with associated doublereflective layers that consist of RPE and another highly reflective layer beneath the RPE (termed the double-layer sign)inthe area of the BVN. 8 Studies using high-resolution spectraldomain OCT have revealed that the possible location of PCV may be between the RPE and Bruch membrane, where the polypoidal structures may be situated high beneath the roof of the RPE detachment, while the BVNs were most likely located within the double-layer structure of the RPE and Bruch membrane.
8-14
En face OCT angiography (OCTA) is novel technology that can visualize the actual structure by using the blood flow of the chorioretinal microcirculation without intravenous dye injection.
15-17 Furthermore, with appropriate adjustment of the segmentation slabs throughout the full thickness of chorioretinal structures, OCTA can allow us to visualize 3-dimensional (3-D) analysis of flow structures of pathologic vascular tissues, such as choroidal neovascularization in age-related macular degeneration [18] [19] [20] [21] [22] [23] and polypoidal structures in PCV. [24] [25] [26] [27] [28] Several studies have investigated the flow structures of PCV and suggested that the polypoidal structures and BVNs are situated in the compartment space between the RPE and Bruch membrane rather than in the choroid. [24] [25] [26] [27] In the present study, by using a layer-by-layer analysis according to the RPE reference plane, we further investigated the quantitative anatomic relationship of the 3-D structures of the polypoidal complex, including the origin of the choroidal stalks, BVN, and polypoidal structures in PCV that may be helpful for a full understanding of the pathogenesis of the disease.
Methods
This was a prospective observational study. Consecutive patients with PCV presenting to the retinal center at Shin-Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan, from May 21, 2015, to April 30, 2017, were included. This study was conducted in accordance with the Declaration of Helsinki 29 and with approval of Shin-Kong Wu Ho-Su Memorial Hospital. Informed consent was obtained verbally from all patients. The participants did not receive financial compensation. The diagnosis of PCV was established by the finding of polyplike choroidal vessel dilatation with a BVN on ICGA, using a confocal scanning laser ophthalmoscope (Heidelberg Retina Angiograph 2; Heidelberg Engineering). Fluorescein angiography was also performed, most often simultaneously with ICGA by the same machine, for evaluation of the leaking status of the PCV lesions. Patients were excluded if they were affected by any other macular disorders, such as evidence of an angioid streak, pathologic myopia (myopia >6 diopters) or other macular degenerative diseases, and a history of other macular abnormalities related to diabetic retinopathy, retinal vein occlusion, uveitis, or other retinal diseases.
For each patient, a complete ophthalmologic examination was performed, including a best-corrected visual acuity measurement using Early Treatment Diabetic Retinopathy Study charts, intraocular pressure measurement (Non Contact Tonometer, NT-530; Nidex Co Ltd), slitlamp examination, fundus examination, scanning laser ophthalmoscopy, fluorescein angiography, and ICGA (Spectralis HRA; Heidelberg Engineering). Spectral-domain OCT was also performed in association with OCTA for a comparative examination.
Optical coherence tomography angiography was performed in all patients with a scanning area of 3 × 3 mm, centered on the fovea (when the polypoidal lesions and BVNs were near the foveal center) or centered on the polypoidal lesions and BVNs directly (RTVue XR Avanti; Optovue) to obtain amplitude-decorrelation angiography images. The characteristics of this instrument have been described in detail previously. 16 Briefly, the instrument has an A-scan rate of 70 000 scans per second, using an infrared light source (centered on 840 nm with a bandwidth of 50 nm). Each OCTA volume contains 304 × 304 A-scans, using a split-spectrum amplitude decorrelation angiography algorithm to extract the OCTA information. Angiography information could be displayed perpendicularly through the thickness of vitreous-
Key Points
Question What is the 3-dimensional anatomy of polypoidal complexes in polypoidal choroidal vasculopathy?
Findings In this cohort study of 47 patients with polypoidal choroidal vasculopathy, optical coherence tomography angiography quantitatively demonstrated polypoidal complexes in 36.2% (polypoidal structures) and 55.3% (branching vascular networks). Branching vascular networks and vessels sprouting from the choriocapillaris level were arranged in a 3-dimensional architecture, with polypoidal structures within the inner part of the level of the retinal pigment epithelium reference plane, the branching vascular networks on the outer side of the retinal pigment epithelium reference plane, and a stalk even farther out into the choroidal level.
Meaning These findings suggest that optical coherence tomography angiography identifies quantitative 3-dimensional structures of polypoidal lesions that may help understanding of the pathogenesis of polypoidal choroidal vasculopathy.
retina-choroidal tissues for layer-by-layer evaluation. The machine also allows for some manual adjustments in each segmentation method for specific evaluation purposes. Our study used a manual adjustment for depth and width of segmentation slabs according to the machine-defined RPE reference plane (best elliptical fit of RPE) to evaluate layer-bylayer flow signals from the outermost part of the large choroidal vascular layer to the innermost part of the retina intersecting with the internal limiting membrane. We concurrently compared the images of OCTA with the pictures of fluorescein angiography and ICGA. Each PCV eye was evaluated on the detailed layer-by-layer vascular flow structures beneath the RPE detachments that correlated with the polypoidal lesions seen on ICGA. Specific features of the origin of the polypoidal complex (choroidal stalk), BVNs, and polypoidal structures were carefully delineated by comparing the en face images in OCTA with images in fluorescein angiography and ICGA. The thickness of slabs that were used for the evaluation of the polypoidal complex was set at 1 μm for initial scanning. The depths of the slabs (in micrometers) of the beginning and ending images of origin from the choroidal stalk, BVN, and polypoidal structures were recorded after scanning through the entire polypoidal complex. The thickness and mean depth of each flow structure were calculated accordingly. The thickness and depth of the slab were then adjusted to present the clearest view of the entire flow structures of the choroid stalk, BVN, and polypoidal structures for demonstration in figures. ) with a PCV diagnosis were examined. Twenty-two polypoidal structures were detected in 17 eyes (36.2%) and 26 BVNs were detected in 26 eyes (55.3%). Twentysix choroidal stalks were also identified in 26 eyes (55.3%). In 17 eyes (36.2%), clear images of both polypoidal structures and BVNs could be obtained on the en face plane on OCTA. Twentythree patients had received previous intravitreal antivascular endothelial growth factor therapy with a mean (SD) of 8.0 (8.5) (range, 1-37) injections, and 3 patients had received verteporfin photodynamic therapy on 1 occasion. The remaining 24 patients were treatment naïve.
Results
By the observation of layer-by-layer slabs of the polypoidal complex, the mean (SD) depth of the choroidal stalk was found to begin at 80.4 (24.4) μm below the RPE reference plane. The mean (SD) depth of the BVN was identified at a mean (SD) of 28.6 (14. be either above (up to 18 μm), within, or below (up to 28 μm) the Bruch membrane and were in proximity to the double layers of flattened RPE detachment. Of the 22 polypoidal structures, the locations were subfoveal in 5 (22.7%), juxtafoveal in 11 (50.0%), and extrafoveal in 6 (27.3%).
The entire images of choroidal stalk, BVN, and polypoidal structures of polypoid complexes in several eyes are depicted in Figure 1 , Figure 2 , and Figure 3 , and eFigures 1-5 in the Supplement. Schematic drawings of the 3-D flow structures are also demonstrated in Figure 3 . The flow signals of the BVN and polypoidal structures were also depicted in some of the corresponding cross-sectional B-scans, which demonstrated that the flow signal of polypoidal structures was mostly situated beneath the roof of the RPE detachment while the flow signal of the BVN was primarily detected in close association with the Bruch membrane.
Discussion
By applying a layer-by-layer analysis of en face OCTA using the RPE layer (segmentation layer parallel to machine-set choriocapillaris layer) as a reference plane, our study clearly demonstrated a particular characteristic in the 3-D structures in PCV: in most conditions, the polypoidal structures are seated farther inward than the BVN. In our patients, the BVN was situated within a mean of 28.6 (14.2) μm below the RPE reference plane while the polypoidal structures were situated within a mean of 45.3 (36.1) μm above the RPE reference plane, with a mean (SD) distance of 74.4 (44.6) μm. This condition is also clearly demonstrated in the recent version of the machine software (OCTA; RTVue XR Avanti; Optovue, version 2016.1.0.23) in which the flow signal can be depicted in the corresponding cross-sectional B-scans showing that the flow signals of polypoidal structures were mostly situated beneath the roof of RPE detachments while the flow signals of BVNs were mostly detected in close association with the Bruch membrane, either above (up to 18 μm), within, or below (up to 28 μm) the Bruch membrane. In addition, with layer-by-layer segmentation going from the Haller layer of the choroid to the outer retinal layer, a stalklike structure could be identified in 55.3% of the eyes (26 of 47 eyes) in our patients. These stalklike flow signals were situated at the outermost position of the entire PCV complex and were separated by a mean (SD) of 51.8 (16.8) μm from the BVN plane. These stalks may indicate the origin of the PCV that sprouted from the choroid vasculature.
These peculiar 3-D structures of PCV have long been suspected by many authors by observing the detailed structures using multimodal imaging techniques combining ICGA with spectral-domain OCT. For example, De Salvo et al 30 reported
that, in PCV, the spectral-domain OCT could sometimes reveal rounded, hyporeflective areas resembling the polypoidal lumen within the hyperreflective lesions adherent to the underside of the RPE. However, since the conventional spectral-domain OCT could only demonstrate the structural image of polypoidal structures without detecting blood flow, the 3-D structures could only be inferred by the morphologic similarities of sacculated images that resemble the polypoidal struc-tures within the RPE detachment space. In addition, with the limitation of blockage of most light sources by RPE layer, a clear unequivocal image could not always be obtained in most conditions, which further makes the interpretation of the structures of PCV difficult. The unique characteristics of OCTA that could detect active blood flow in all layers of the retina-RPEchoroidal complex make this interpretation much easier. By detecting active flow in the sacculated structures lying high in the roof of RPE detachment and in the tubular structures lying near the floor of the Bruch membrane, we can accurately identify that these structures are vascular tissues. With the assistance of en face imaging and ICGA for contrast and by images superimposed on each other, these 3-D architectural characteristics of PCV could further be confirmed. Several groups of researchers have investigated the anatomic structures of PCV by using OCTA and revealed that the polypoidal structures and the BVN are most likely situated in the compartment space between RPE and the Bruch membrane. 24 Combining these findings, a 3-D architecture of the entire PCV complex could be reconstructed, including a stalk sprouting from the choroid that was growing into a tangle or sea fan-like BVN situated in close contact with the Bruch membrane, and then terminating into polypoidal structures situated in the innermost part at the underside of RPE detachment. Although our study revealed a relative spatial relationship between the polypoidal structures and BVNs, the absolute locations of BVNs were not confirmed in OCTA images of our cases. As indicated by the offset levels in the machine-set scale box in the monitor for indication of the depth relative to the RPE reference plane, the polypoidal structures were all located farther inward than the RPE reference plane If we assume that the machine-set RPE reference plane is correctly marked at the scale (0 as indicated in the scale box), then our results may indicate that the BVNs could be situated either above (up to 18 μm), within, or below (up to 28 μm) the Bruch membrane and in the inner choroidal layer, depending on the height of the RPE detachment and subsequent elevation of the machine-set RPE reference from the Bruch membrane. The exact location of the BVN relative to the Bruch membrane has been controversial. 2 Initially, the PCV complex was thought to be in the inner choroidal level, 1 while additional studies combining ICGA and spectral-domain OCT images have shown PCV In our study, the flow signals of the BVN could be detected in only 55.3% of patients with PCV (26 of 47) and the flow signals with configuration of polypoidal structures could be detected in an even lower proportion of only 36.2% of the patients (17 of 47). The low detection rate of OCTA for polypoidal structures and the BVN in PCV were also found in several previous studies that reported a detection rate of ICGA-identifiable polypoidal structures between 25% and 50%. [24] [25] [26] 34 The major conditions in our cases that impeded the detection rate included subretinal or sub-RPE hemorrhage; large, serous RPE detachment; and unstable fixation. Other factors that impeded the detection of polypoidal structures may be due to the slower flow velocity resulting from an abrupt dilatation or partial obstruction of the lumen of the polypoidal structures 24 or a turbulent flow in the polypoidal structures. 25 Since the OCTA could detect a flow velocity only within a limited range, it is possible that blood flow in some polypoidal structures was slower than the detection limit of OCTA and undetected by OCTA (false-negative artifact).
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Limitations
Our study had several limitations. First, it frequently was not able to visualize the structure of the PCV using OCTA owing to the presence of extensive exudation, hemorrhage, edema, and large RPE detachment in PCV cases. Second, the segmentation algorithm was preset by the OCTA system, which did not allow us to customize the segmentation slab to adapt to the contour of the lesions. This limitation could make the interpretation of the OCTA image difficult, especially for defining the exact location of the BVN. Third, although OCTA provides both 3 × 3-mm and 6 × 6-mm fields of view, a detailed image could only be obtained by the 3 × 3-mm field, which may not be enough to cover all of the extended areas of the entire BVN and polypoidal structures. In addition, the small numbers in our case series may preclude a generalized application of the results to all PCV cases.
Conclusions
By using layer-by-layer analysis of OCTA, our study demonstrated 3-D architecture of the PCV complex with actual flow signals. We provided flow-based support for the previous hypothesis that the PCV complex originates from the choroidal layer by a vascular stalk that ascends into sub-RPE space, becomes a flat tuft or tangle of BVN lying in close apposition with the Bruch membrane, and terminates even further toward the roof of the underside of the RPE detachment to form polypoidal structures. We also provide quantitative data for the extent of these 3 components of PCV that may be helpful for a better understanding of the anatomic and pathophysiologic aspects of PCV. Retinal imaging technology has progressed rapidly in recent years and plays increasingly vital roles in guiding the clinical management of retinal diseases, as well as facilitating greater understanding of the disease process. Polypoidal choroidal vasculopathy (PCV) is an important variant of neovascular age-related macular degeneration with distinct phenotypic features that can be seen both on clinical examination and using indocyanine green angiography (ICGA). In this issue of JAMA Ophthalmology, the optical coherence tomography angiography (OCTA) features of PCV are described and evaluated by Chi et al. 1 Multimodal imaging has become increasingly relevant in evaluating various retinal conditions, including PCV. Each imaging modality provides different, complementary types of information, and the synthesis of these facilitates the diagnosis and evaluation of retinal diseases with greater accuracy and confidence. For example, ICGA produces en face images of the various vascular layers of the posterior pole, and is particularly useful for visualizing the choroidal vessels. For PCV lesions, ICGA allows the visualization of lesion components, including the polypoidal lesions and the branching vascular network (BVN) that supplies these polypoidal lesions.
2 By contrast, optical coherence tomography (OCT) provides detailed cross-sectional structural information of the various retinal and choroidal layers. It can visualize the lesions in PCV, and also provide evidence of disease activity, such as the presence of subretinal fluid, intraretinal cystoid abnormalities, or retinal thickening. While OCT can image larger blood vessels, it does not provide a detailed view of the vascular patterns, unlike fluorescein angiography and ICGA.
Optical coherence tomography angiography is a potentially exciting new imaging modality that produces vascular flow maps of the superficial, intermediate, and deep retinal capillary plexuses as well as the choriocapillaris. Repeated OCT B-scans are taken at the same location and, using various image processing algorithms, vascular flow maps of different layers can be produced based on specific segmentation settings. One of the biggest potential advantages of OCTA over conventional angiography is its noninvasive nature-it does not require intravenous access or the injection of dyes to produce the vessel maps. However, OCTA does have limitations that are the result of the current available technology as well as our understanding and interpretation of this new imaging modality. For example, in Chi et al 1 the various components of PCV are not always visualized on OCTA. As the authors discussed, this may be caused by masking from the disease pathology, such as the presence of hemorrhage, fluid, fibrosis, or exudates. It may also be related to the differences in flow rates and patterns of blood flow within the lesion components. 1 In addition, OCTA is currently unable to demonstrate leakage, unlike fluorescein angiography. The vessel maps also can be affected by imaging artifacts and errors of segmentation. When using new imaging technology, such as OCTA, to describe the features of any disease, it is important that the diagnosis must be made accurately. This often requires using specific diagnostic criteria to confirm the diagnosis. Without a proper gold standard for comparison, the features detected using the new imaging modality may not be reflective of the actual disease condition and may create confusion if the features of different clinical entities are being described. Currently, the gold standard for the diagnosis of PCV is ICGA, 2 which enables the polypoidal lesions and BVN to be reliably imaged.
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